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Abstract 
The offshore gas fields in The Netherlands provide a storage capacity of about 1 Gt, which will become available over the next 
few decades. Existing production facilities may be re-used for injection. Uncertainties in storage capacity, injection rates and 
time of availability require an analysis of the feasibility of storing CO2 at the rates currently projected for the period 2015 – 2050. 
This paper investigates the availability of storage capacity and the feasibility of injecting CO2 at the rate that current capture 
scenarios foresee. The cost of storage in depleted gas fields is estimated, assuming either re-use of existing installations or the 
construction of new platforms and wells. Unit cost of storage, non-discounted, in the range of 10 €/tCO2 is feasible for larger 
fields; costs for small fields are estimated to range up to 40 €/tCO2. Constructing new, dedicated facilities is not always the more 
expensive option, due to sometimes long hibernation times and higher operational cost of existing facilities. Two capture 
scenarios are used for the Rotterdam and Amsterdam areas, with captured volumes increasing to 25 Mt/yr or 40 Mt/yr. In both 
cases, injection rate limitations become apparent when 70 – 75% of the storage capacity is used, which is around 2055 and 2045, 
respectively. To ensure continuity of storage, alternatives for storage in offshore gas fields need to be in place by then. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
The preparations for the introduction of CO2 capture, transport and storage (CCS) on an industrial scale have 
been under way for several years now. As a first step, the storage capacity for CO2 in hydrocarbon fields and 
aquifers has been established or estimated in many countries around the world. The next step is to investigate the 
feasibility of CO2 storage in available reservoirs, to make a ranking of possible storage sites and to investigate the 
feasibility of long-term, large-scale and often cross-border capture, transport and storage of CO2; examples of the 
latter have been published recently [1, 2]. 
Recent inventories of options for storing CO2 in The Netherlands showed a theoretical storage capacity of about 
2.7 GtCO2 [3, 4]. The larger part of this storage capacity is in hydrocarbon fields, located both onshore and offshore, 
with about half the storage capacity in offshore areas (Figure 1). Recent, more detailed studies of the CO2 storage 
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capacity in the Dutch continental shelf (DCS) have shown that the application of thresholds on storage reservoir size 
and injection rate, where the latter was derived from natural gas production data, reduces the storage capacity by 
about 40%, to about 800 Mt in a number of gas field clusters in the central offshore [5, 6]. The latest study 
performed a more detailed study of individual storage locations (hydrocarbon fields), using (confidential) gas 
production data to estimate storage capacity and injection rates [7], to investigate the development of transport and 
storage until 2050. 
In the Netherlands offshore, the total effective storage capacity, in terms of the CSLF storage capacity pyramid, 
is about 1 Gt. This is roughly the amount of CO2 captured at four large coal-fired power plants in a period of 40 
years. Storage capacity is present in a large number of relatively small gas fields, with the largest fields of the order 
of 100 Mt. Most of these are producing fields that are expected to reach their end of production between 2015 and 
2025. Current legislation requires that infrastructure be abandoned shortly after the end of production. This 
infrastructure may well prove highly valuable for re-use during CO2 injection. Given the large number of offshore 
gas and oil fields, the development of CCS must be planned, to identify the fields of key importance, to minimise 
expensive rebuilding of infrastructure and to avoid excessively long (and equally expensive) hibernation periods of 
hardware.  
 
Figure 1. Hydrocarbon fields in the Dutch continental shelf (DCS); green: gas fields and gas pipelines; red: oil fields and oil pipelines (figure 
taken from www.nlog.nl).  
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Figure 2. A: capture scenario (blue curves) for Rotterdam, from [RCI], assuming that the different sources each have a lifetime of 40 years. B: 
same, for the Amsterdam region, from ref. [9]. C capture rate for the two regions combined. In each panel, the dark blue and light blue curves 
represent the ‘High’ and ‘Low’ scenario, respectively. The violet curves represent the maximum feasible injection rate for the DCS fields; the 
spread in these curves represents the estimated uncertainty in the properties of the gas fields. 
This paper aims to investigate options that can be considered in such a planning. The aim is to study the long-
term timeline of development of offshore CCS, estimating the cost of storage and investigating opportunities for re-
using existing installations. Transport costs or re-use options are not considered in this study. 
2. Method 
The study presented here combines the CO2 captured in the industrial areas near Rotterdam and Amsterdam with 
offshore storage capacity. The capture scenarios are taken from the literature [8, 9]; the details of capture are not 
considered here. A CCS decision support tool is used that was developed in the EU FP7 Geocapacity project, which 
performs an economic analysis of CO2 capture, transport and storage for multiple sources and sinks, connected by a 
pipeline network [10]. This tool analyses the economics of the CCS chain stochastically, propagating into the key 
performance indicators the uncertainty in all input parameters, most notably those associated with the geological 
properties of the storage reservoirs. In the simulation of offshore CCS, new fields are developed (installations and 
wells reworked or new built) as previous fields reach their limit, with the choice for a new field depending on its 
distance from the source. Each time, the closest new field is selected from all available gas fields (i.e., fields that 
have reached their end of production). 
3. Data 
Captured volumes. Estimates of the development of capture facilities in the Rotterdam and Amsterdam areas 
were presented by McKinsey [9], based on current plans and emission reduction requirements. Current plans in the 
Rotterdam area aim at a level of 20 Mt/yr by 2030 [8], see Figure 2A. The McKinsey capture scenario for the 
Amsterdam region grows more slowly to 20 Mt/yr by 2050 (Figure 2B). For the two regions combined, captured 
volumes increase to 40 Mt/yr (Figure 2C, ‘High scenario’). In this study, the period considered is 2015 – 2080, to 
include a full economic lifetime of all capture installations that together provide the captured volumes. The captured 
volumes from these installations decrease to zero after 2070 – 2080, to emphasise the temporary nature of CCS. 
While this may underestimate captured volume beyond 2050, the results will show whether the DCS can fully store 
CO2 captured at installations built until about 2050. A less ambitious scenario (‘Low scenario’) is shown in Figure 
2C (dark blue curve), which is similar to the scenario termed ‘green’ in the McKinsey study. 
 
Storage capacity. Data on the storage reservoirs are taken from public repositories2  and recent reports on CCS in 
the DCS [5, 6]. The data include the end year of production, storage capacity, the number of wells and well injection 
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rate. All of these data are uncertain (e.g., the end year of production strongly depends on the gas price) or 
confidential and must be estimated. Uncertainty ranges were used in the modeling. The number of wells was taken 
from the distribution of existing wells in the field. In a field with closely spaced wells, re-use of wells is assumed to 
result in a single injection well, while multiple injection wells are assumed possible if existing wells are located far 
apart. In the absence of reliable public data on well injection rates, each well was assumed to have a maximum 
injection rate between 1 Mt/yr and 1.5 Mt/yr. In the stochastic analysis of the Geocapacity tool, both storage 
capacity and well injection rate were randomly varied. Table 1 shows the size distribution of offshore storage 
capacity. The total storage capacity of over 1 Gt is distributed over a large number of relatively small fields.   
Table 1. Distribution of DCS gas field size. Data are taken from ref. [5]. 
Capacity range (Mt) Number of fields Total capacity (Mt) 
< 2.5 2 4 
2.5 – 5 13 50 
5 – 10 17 115 
10 – 20 17 242 
20 – 50 16 560 
> 50 1 55 
 66 1026 
 
Pipeline network. The production, especially in the central part of the offshore, is organised around large 
platforms, that process the gas produced by a cluster of smaller platforms (and fields). Pipeline and platform 
availability is determined by the last producing field in a cluster; the dates of availability of fields in such a cluster 
were adjusted accordingly. It is assumed that any new CO2 pipelines will be laid along existing pipelines. Pipeline 
re-use is likely to be an option only for satellite lines leading from central processing platforms to satellite platforms. 
The main hydrocarbon lines will be used for natural gas at least until the last of the gas fields is taken out of 
production. The existing network of satellite lines was represented in the Geocapacity model, with main trunk lines 
leading out of Rotterdam and Amsterdam into the offshore area (Figure 1), similar to the approach used previously 
[5 – 7]. The feasibility of re-using existing pipelines is not considered here. 
Cost data. A recent study addressed the cost of building new offshore installations or converting existing offshore 
production platforms [11]. This study provides the data to assess the cost of developing CCS in the DCS. The 
options are, for each field, to either use new wells and platforms, or to re-use and convert existing production 
installations. The cost data used are shown in Table 2.  
Table 2. Cost data for offshore CO2 storage. Data were taken from ref. [11].  
Cost element Mothballing 
Construction / 
modification and 
operation Abandonment Monitoring 
 Capex Opex Capex Opex  Capex Opex 
Export platform, new - - 39.5 6.2 20.5 2.8 2.8 
Export platform, re-use 4.5 1.5 20.8 16.4 31.5 4.3 4.3 
Satellite platform, new - - 39.5 6.2 20.5 2.8 2.8 
Satellite platform, re-use 2.6 0.7 13.2 6.4 20.5 2.8 2.8 
Subsea completion, new - - 4.3 - 10 2.8 2.8 
Subsea completion, re-use - - 1.8 3 10 2.8 2.8 
        
New well 30 M€       
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The cost elements taken into account include: 
• Mothballing. CO2 injection may not always follow smoothly on the end of gas production. When this transition 
time is limited, the installations can be prepared for an idle time and kept with a minimum of maintenance. A 
recent study showed that this can be more cost efficient that rebuilding platform and equipment and drilling new 
wells, if the idle period is short than about 10 years [7]. The results presented here show the idle period in the 
DCS for realistic CO2 capture scenarios. 
• Construction or new build. As mentioned above, upon conversion from gas production to CO2 injection, existing 
installations and wells can either be reworked and converted or abandoned and built new. Cost analyses are 
presented below for both options. 
• Abandonment. The cost for abandonment is taken into account for the different platform types (satellite platform, 
processing platforms, subsea completions).  
• Monitoring. Estimates for the cost of monitoring, as given TEBODIN [11] are included in the unit cost of 
storage. Monitoring is assumed to continue until 10 years after the end of injection. 
4. Results 
As a first step, the maximum feasible injection rate and storage volume were computed, assuming that sufficient 
CO2 is available to fill each depleted gas field to its maximum injection rate and storage capacity upon end of gas 
production. Figure 2 shows the injection rate curve obtained. Given the assumed well injection rate of between 
1 Mt/yr and 1.5 Mt/yr per well, maximum storage rates are of the order of 40 Mt/yr, which is of the same order of 
magnitude as the capture scenario for the Rotterdam and Amsterdam regions combined. This suggests that injection 
rates may well be a limiting factor.  
 
 
Figure 3. Left: map of the start year of CO2 storage for the gas fields in the Netherlands offshore, using the ‘High’ capture scenario shown in 
Figure 2C. Right: time between end of production and start of injection (idle time). The purple lines represent new trunk lines leading to the large 
processing platforms in the central offshore; thin black lines represent existing hydrocarbon pipelines. The numbers in the maps represent field 
numbers. 
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Figure 4. As Figure 3, now for the ‘Low’ capture scenario shown in Figure 2C. Left: map of the start year of CO2 storage for the gas fields in the 
Netherlands offshore. Right: time between end of production and start of injection (idle time). The purple lines represent new trunk lines leading 
to the large processing platforms in the central offshore; thin black lines represent existing hydrocarbon pipelines. The numbers in the maps 
represent field numbers. 
Using the ‘High’ capture scenario, also shown in Figure 2C (light blue curve), the start time of CO2 injection is 
computed for the DCS gas fields, to view whether a gradual development of CCS from the coast into the more 
distant offshore areas is feasible (Figure 3, left panel). The results suggest that this is indeed feasible, with no need 
to first develop more distant clusters, before utilizing storage capacity at shorter distances. Figure 3 (right panel) 
shows the time between the currently foreseen end times of production and start years of injection (hibernation, or 
mothballing period). The results show that excessively long idle times (longer than about 10 years) are likely to 
occur only in the more distant offshore fields. For several fields, idle times are up to 18 years. For these fields, 
mothballing costs may be prohibitive and new built installations and wells may be the only option. The ambitious 
capture scenario in the Rotterdam region, combined with the production of CO2 near Amsterdam leads to the need to 
develop fields in the central offshore well before 2030, ‘Low’ capture scenario (dark blue curve in Figure 2C). The 
smaller volumes result in later development of the fields (Figure 4, left panel) and longer idle times (Figure 4, right 
panel). In both cases, all fields considered here are developed by 2040 (Figure 3) or 2050 (Figure 4). 
 
Figure 5 shows cumulative injection rate as a function of time (left panel), using the capture scenario for the 
Rotterdam and Amsterdam regions combined. As already suggested by the maximum injection rate curves shown in 
Figure 2, injection rate in the gas fields becomes a limiting factor after about 2045, using the assumptions on well 
injection rates described above. Total storage capacity becomes a limiting factor later on; all capacity is used by 
about 2080. The injected volumes for the ‘Low’ capture scenario are shown in the right panel in Figure 5. In this 
case, with lower captured volumes, injection rate limitations become apparent after about 2055. In these two 
scenarios, injection rate limits become apparent when 70 – 75% of the storage capacity is used. It is noted that 
capture scenarios may underestimate the captured volumes after about 2050, when a declining capture rate is 
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assumed. The yellow curves in the figures represent the realizations in the Monte Carlo analysis and provide a 
measure of the uncertainty in the results, using only estimates uncertainty in the storage capacity and well injection 
rates. It is to be emphasized that the true uncertainty in the results in larger, due to factors not taken into account 
here, such as the rate of growth in the captured volumes and the timing of the end of gas production in the fields. 
 
Figure 5. Left: volume injected in offshore gas fields, using the ‘High’ capture scenario for the Rotterdam and Amsterdam regions combined 
(Figure 2C, light blue curve). The time along the horizontal axis start in 2015. Injection rate in the available fields starts to limit offshore storage 
by about 2045. Right: same, for the ‘Low’ capture scenario (Figure 2C, dark blue curve). Storage capacity is filled after about 2075. 
The cost data are used to estimate the unit cost (UTC) of offshore storage. Figure 6 (left panel) shows UTC 
results for the fields considered, for the more ambitious of the two capture scenarios shown in Figure 2C. Costs were 
computed with assumption that all installations are built new (blue data points) or re-used (red data points). The 
latter results include the cost of mothballing. UTC is in the range of 10 – 40 €/Mt, with lower cost for larger fields. 
The cost data are non-discounted, to allow direct comparison between the fields. The UTC obtained with the 
assumption of re-using existing installations and wells exhibits a larger spread than that assuming new build, which 
is the result of the mothballing costs and higher operational cost of re-used facilities (see Table 2). For some fields 
the idle time is over 20 years. Depending on the duration of injection, this can result in re-use not being the most 
cost-effective option. It is noted that financial benefits from re-using installations, which arise from delaying the 
(planned) abandonment of installations, is not taken into account here. This will decrease the UTC for storage with 
re-used hardware. A comparison between the UTC of storage for the two capture scenarios shown in Figure 2C 
illustrates that delaying the build-up of capture increases the cost of storage, in case existing hardware is re-used 
(Figure 6, right panel), due to longer idle times.  
5. Conclusions 
This paper presents an analysis of the feasibility of CO2 storage in the Dutch offshore region, which has an 
estimated storage capacity of about 1 Gt. Data on availability, storage capacity and injection rates of the offshore gas 
fields were combined with capture scenarios for the Rotterdam and Amsterdam regions, which grow from a few 
megatonnes in 2020 to 20 – 40 Mt by 2050. Uncertainties in the properties of the gas fields are taken into account, 
as well as the current arrangement in clusters of central and satellite platforms. The following results were obtained: 
• Storage will be limited by injection rate limitations by about 2050, when 70 – 75% of the storage capacity is 
used. By this time alternatives need to be available. Using additional, new wells increase injection rates can be 
increased, but this is offset by higher storage cost. 
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• Capture installations built before in the Rotterdam and Amsterdam regions 2050 will produce more CO2 during 
their economic lifetime (assumed 40 years) than can be stored offshore, due to limitations in both injection rates 
and storage capacity. 
• The cost of storage is estimated to be of the order of 10 €/tCO2 for larger gas fields (>40 Mt); the cost of storage 
in smaller fields ranges up to about 40 €/tCO2. 
• Re-using existing installations is not always the more cost-effective option, due to hibernation times that can be 
long (>10 years) for some of the more remote fields. 
• Rapid early expansion of offshore CCS decreases the cost of storage, through minimizing hibernation periods. 
These results indicate that careful planning of offshore CCS is required to optimize the development of CCS. 
Planning (field strategy) will help to follow the most cost-effective route (re-use versus new infrastructure; 
hibernation versus abandonment), to exploit the capacity available in offshore gas fields (both injection rates and 
storage capacity) and to make available alternative storage locations in time. 
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Figure 6. Undiscounted UTC of storage in the depleted gas fields in the Dutch offshore, assuming all installations are built new (blue) or re-used 
(red). Left: comparison between building new installations (blue data) and re-using all existing hardware. Right: comparison between re-using 
installations for the ‘High’ and ‘Low’ capture scenarios shown in Figure 2C. 
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